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Development of the vertebrate inner ear begins during gastrulation with induction of the otic placode. Several embryonic tissues,
including cephalic mesendoderm, notochord, and hindbrain, have been implicated as potential sources of otic-inducing signals.
However, the relative contributions of these tissues have not been determined, nor have any genes affecting placode induction
been identified. To address these issues, we analyzed otic placode induction in zebrafish mutants that are deficient in prospective
otic-inducing tissues. Otic development was monitored by examining mutant embryos for morphological changes and, in some
cases, by visualizing expression patterns of dlx-3 or pax-2.1 in preotic cells several hours before otic placode formation. In cyclops
cyc2) mutants, which develop with a partial deficiency of prechordal mesendoderm, otic induction is delayed by up to 1 h. In
ne-eyed pinhead (oep2) mutants, which are more completely deficient in prechordal mesendoderm, otic induction is delayed by
1.5 h, and morphology of the otic vesicles is abnormal. Expression of marker genes in other regions of the neural plate is normal,
suggesting that ablation of prechordal mesendoderm selectively inhibits otic induction. In contrast, the timing and morphology
of otic development is not affected by mutations in no tail (ntl) or floating head (flh), which prevent notochord differentiation.
imilarly, a mutation in valentino (val), which blocks early differentiation of rhombomeres 5 and 6 in the hindbrain, does not
elay otic induction, although subsequent patterning of the otic vesicle is impaired. To test whether inductive signals from one
issue can compensate for loss of another, we generated double or triple mutants with various combinations of the above
utations. In none of the multiple mutants do the flh or val mutations exacerbate delays in placode induction, although val does
ontribute additively to defects in subsequent patterning of the otic vesicle. In contrast, mutants homozygous for both oep and
tl, which interact synergistically to disrupt differentiation of cephalic and axial mesendoderm, show a delay in otic development
f about 3 h. These data suggest that cephalic mesendoderm, including prechordal mesendoderm and anterior paraxial
esendoderm, provides the first otic-inducing signals during gastrulation, whereas chordamesoderm plays no discernible role in
his process. Because val2 mutants are deficient for only a portion of the hindbrain, we cannot rule out a role for that tissue in
tic placode induction. However, if the hindbrain does provide otic-inducing signals, they apparently differ quantitatively or
ualitatively from the signals required for vesicle patterning, as val disrupts only the latter. © 1999 Academic Presss
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Inner ear development in vertebrates begins when surface
ectoderm is induced by signals from surrounding tissues to
form thickened pads of cells called otic placodes. The otic
placodes later undergo a process of invagination or cavita-
tion, depending on the species, and differentiate into otic
vesicles. The vesicles in turn develop into a complex series
of chambers containing patches of sensory hair cells that
provide the auditory and vestibular functions of the inner
ear (Van de Water, 1983; Anniko, 1983; Lewis et al., 1985;
Noden and Van de Water, 1986).
Many workers have tried to determine the source(s) of
1 To whom correspondence should be addressed. Fax: (409) 845-
2891. E-mail: briley@bio.tamu.edu.
100ignals that instruct the appropriate regions of the ectoderm
o form the otic placodes. The majority of experimental
mbryology studies on otic induction have focused on the
ole of the hindbrain as an otic-inducing tissue. During the
eurula stage of embryogenesis, heterotopic transplants of
rospective hindbrain tissue can induce ectopic otic
esicles in host embryos. In addition, ectoderm from for-
ign sites can be respecified to form otic placodes when
ransplanted to the proximity of the hindbrain. The otic-
nducing activity falls off sharply outside this region, indi-
ating that the signal is highly localized. Together, these
ata have been interpreted to mean that the hindbrain is a
otent source of otic-inducing signals (Stone, 1931; Yn-
ema, 1933, 1950; Harrison, 1935; Waddington, 1937; Gal-
agher et al., 1996; Woo and Fraser, 1998)Recent genetic studies also provide evidence that hind-
0012-1606/99 $30.00
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101Otic Placode Induction in Zebrafishbrain factors help regulate otic development. Mutations in
at least three genes encoding transcription factors that
control hindbrain development (Hoxa-1, Pax-3, and Kreis-
ler) also affect development of the inner ear (Epstein et al.,
1991; Lufkin et al., 1991; Chisaka et al., 1992; Cordes and
Barsh, 1994; Moens et al., 1996, 1998). These genes are
expressed in the hindbrain and, as might be expected,
mutations in any of them cause severe defects in hindbrain
development. However, these mutations also disrupt pat-
terning of the otic vesicles, even though the affected genes
are not expressed in the developing ear. These findings
strongly suggest that the embryonic hindbrain emits signals
that are essential for normal otic development. Indeed,
targeted knockouts of FGF-3, a signaling molecule ex-
pressed in the hindbrain, cause inner ear defects that are
very similar to those caused by mutations in Hoxa-1, Pax-3,
and Kreisler (Mansour et al., 1993; Mahmood et al., 1995;
McKay et al., 1996). Thus, FGF-3 is a candidate for a signal
that diffuses from the hindbrain and regulates otic develop-
ment.
Although these genetic studies support a role for the
hindbrain in regulating otic vesicle patterning, none of the
above mutations affecting hindbrain development prevents
formation of the otic placode. A likely explanation for this
is that otic-inducing signals are provided by other tissues in
addition to the hindbrain. Indeed, results of several studies
indicate that induction of the otic placode begins during
gastrulation, well before formation of a morphologically
distinct hindbrain. For example, prospective otic ectoderm
is already partially specified to form otic tissue by the late
gastrula stage, as shown by its ability to form rudimentary
otic vesicles when transplanted to ectopic sites of host
embryos (Zwilling, 1941). To explain such findings, several
investigators have suggested that the otic placodes are
initially induced by signals from subjacent mesoderm
(Zwilling, 1941; Yntema, 1950; Gallagher et al., 1996). In
support of this hypothesis, transplants of mesendodermal
progenitors from the blastoderm margin of early zebrafish
gastrulae can induce ectopic otic vesicles (Woo and Fraser,
1997), although the specific population(s) of cells respon-
sible for otic induction has not yet been identified. Several
studies in amphibians showed that heterotopic transplants
of chordamesoderm can induce ectopic otic vesicles (Borgh-
ese, 1942; Kohan, 1944). However, mutations in zebrafish
and mouse that specifically block notochord differentiation
do not prevent formation of the otic placode (Chesley, 1935;
Herrmann et al., 1990; Halpern et al., 1993; Schulte-Merker
et al., 1994; Talbot et al., 1995), indicating that notochord is
not the only mesendodermal tissue that provides placode-
inducing signals. Another obvious candidate for an induc-
tive tissue is cephalic mesendoderm, which comprises the
first mesendodermal cells to pass beneath the ectoderm
during gastrulation. However, the otic-inducing capacity of
cephalic mesendoderm has not previously been examined.
Together, the above data suggest a model in which otic
induction involves a series of interactions with different
tissues at different times: cephalic mesendoderm (pre-
Copyright © 1999 by Academic Press. All rightchordal plate and anterior paraxial mesendoderm) during
midgastrulation, chordamesoderm during late gastrulation,
and hindbrain during neurulation (Fig. 1). To test key
aspects of this model, we analyzed otic placode induction in
zebrafish mutants that are deficient in prospective otic-
inducing tissues. These mutations include cyclops (cyc) and
one-eyed pinhead (oep), which disrupt development of
prechordal plate (Thisse et al., 1994; Schier et al., 1997);
floating head (flh) and no-tail (ntl), which block early
differentiation of chordamesoderm (Halpern et al., 1993;
Talbot et al., 1995); and valentino (val), which disrupts
differentiation of rhombomeres 5 and 6 in the hindbrain
(Moens et al., 1996, 1998). The effects of these mutations on
otic development were determined by visually inspecting
live mutant embryos for changes in developmental timing
or morphology of the otic placodes and vesicles. To address
the possibility that mutant embryos can compensate for the
loss of any single inductive tissue, we also examined
compound mutants lacking any two, or all three, prospec-
tive otic-inducing tissues. Furthermore, we examined the
effects of various mutations, and compound mutations, on
the expression of two early markers of otic induction,
distal-less-3 (dlx-3) and pax-2.1. These genes are normally
induced in preotic cells about 3 h before the otic placodes
can be morphologically detected and are maintained in otic
cells throughout placode development (Krauss et al., 1991;
Ekker et al., 1992a). Both morphological and molecular data
FIG. 1. Potential otic-inducing tissues. Shown are the relative
positions of several embryonic tissues as they would appear during
the period of development at which otic placodes are morphologi-
cally visible (13–18 h). Prechordal mesendoderm is the first poten-
tial inductive tissue to come into contact with prospective otic
ectoderm during midgastrulation. As prechordal mesendoderm
continues to move anteriorward, paraxial cephalic mesendoderm
comes to lie in close proximity to the otic region. Chordamesoderm
does not extend into the hindbrain and otic region until early
somitogenesis at about 11 h (Kimmel et al., 1995; Melby et al.,
1997). The hindbrain does not become morphologically evident
until just after formation of the otic placodes, but regional expres-
sion of hindbrain-specific genes begins near the end of gastrulation
at around 10 h. Hence, it is unclear when hindbrain signals might
begin to affect otic development.suggest that, during gastrulation, cephalic mesendoderm is
s of reproduction in any form reserved.
t
b
S
S
b
p
a
o
w
a
6
h
m
F
c
d
F
fi
w
u
1
1
1
fl
n
c
o
fl
n
v
n
o
n
u
s
f
i
w from
102 Mendonsa and Rileythe primary source of early otic-inducing signals and that
the notochord plays little or no role in this process. In the
absence of early signals, placode induction occurs later
during neurulation, but our data did not resolve whether
the hindbrain plays a role in this process.
MATERIALS AND METHODS
Strains
Wild-type embryos were derived from the AB line. Mutations
used in this study were cyclops (cycb16), one-eyed pinhead (oepz1),
floating head (flhn1), no-tail (ntlb195), and valentino (valb337). All of
hese mutant alleles have been well characterized and are known to
e functional nulls (Shulte-Merker et al., 1994; Talbot et al., 1995;
chier et al., 1997; Moens et al., 1998; Rebagliati et al., 1998;
ampath et al., 1998; Zhang et al., 1998).
Embryo Collection and Staging
All of the mutations studied are recessive lethals; homozygous
embryos were obtained by intercrossing heterozygotes. cyc2 em-
ryos were identified at 10–11 h by reduction in the size of the
olster, a prechordal plate derivative (Kimmel et al., 1995). oep2
embryos were identified at around 10.5 h based on characteristic
bulging in the posterior head region (Schier et al., 1997). flh2 and
ntl2 mutants were identified based on the perturbed dorsal axis at
round 10.5 h (Talbot et al., 1995; Halpern et al., 1993). ntl2;oep2
and flh2;oep2double mutants were identified at 10.5 h based on
bservation of the combined effects of the individual mutations, as
ell as a characteristic bifurcation in the posterior dorsal axis. In
ddition, ntl2;oep2 double mutants could be reliably identified at
TABLE 1
Developmental Timing of Otic Placode and Vesicle Formation
Genotype
Stage at which placodes fi
No.
somites
/1 8.6 6 0.5
h2 8.8 6 0.6
tl2 8.7 6 0.5
yc2 10.8 6 0.4
ep2 11.5 6 0.5
h2; oep2 11.7 6 0.5
tl2; oep2 15.0 6 0.7
al2 8.7 6 0.5
tl2; val2 8.7 6 0.5
ep2; val2 11.6 6 0.5
tl2; oep2; val2 14.9 6 0.6
Note. Formation of otic placodes was observed under DIC (Nom
nder a dissecting stereomicroscope. Developmental stages at whi
omites observed. Somitogenesis was disturbed in several of the mu
rom synchronized wild-type siblings maintained under identical
ndividuals for each genotype. To correct for the effects of cooling
ere normalized to standard conditions at 28.5°C by extrapolating0% epiboly based on the notable reduction in the involuting
Copyright © 1999 by Academic Press. All rightypoblast (see below). To identify val2 mutants, which are not
orphologically detectable before 14 h, two methods were used:
or morphological observations, individual embryos from an inter-
ross were observed at early time points and then allowed to
evelop to a stage at which the val phenotype could be identified.
or in situ hybridization experiments, val2 embryos were identi-
ed by reduced expression of krox-20 in rhombomere 5.
Embryos developed in an incubator at 28.5°C. Developmental
stages are usually described in terms of hours of development. To
correct for variations in developmental timing caused by cooling
during observation or manipulation of embryos, developmental
stages were also confirmed or adjusted according to the number of
somites, which form every 30 min at 28.5°C (Kimmel et al., 1995).
In Situ Hybridization
Embryos were fixed in MEMFA (0.1 M Mops at pH 7.4, 2 mM
EGTA, 1 mM MgSO4, 3.7% formaldehyde). In situ hybridizations
ere performed essentially as described by Stachel et al. (1993),
sing probes for dlx-3 (Ekker et al., 1992a), pax-2.1 (Krauss et al.,
991), krox-20 (Oxtoby and Jowett, 1993), msx-B (Ekker et al.,
997), or eng-3 (Ekker et al., 1992b).
RESULTS
Normal Otic Development
In wild-type embryos, otic placodes begin to appear by
13.5 h (hours of development), and otic vesicles begin to
form by cavitation of the placodes by 18.5 h (Table 1, and
Kimmel et al., 1995). At 24 h, wild-type otic vesicles appear
as oval cavities containing two otoliths each (Fig. 2A).
Otoliths form by localized accretion of small precursor
en Stage at which vesicles first seen
h
No.
somites h
13.3 18.5 6 0.5 18.3
13.4 18.7 6 0.5 18.4
13.4 18.6 6 0.5 18.3
14.4 19.7 6 0.5 18.9
15.0 21.3 6 0.5 19.7
14.9 21.6 6 0.5 19.8
16.5 24.3 6 0.5 21.2
13.4 18.7 6 0.5 18.4
13.4 18.5 6 0.5 18.3
14.8 21.5 6 0.5 19.8
16.5 24.5 6 0.5 21.3
) optics using a 403 objective. Formation of vesicles was observed
acodes or vesicles first formed were determined by the number of
backgrounds, in which case the number of somites was determined
ditions. Data show the means and standard deviations of 10–12
ng observation, developmental times in h (hours of development)
the mean number of somites (see Materials and Methods).rst se
arski
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103Otic Placode Induction in Zebrafishdifferentiate in the inner ear. The ability to form normal
otoliths depends upon reciprocal interactions between hair
cells and neighboring support cells (Riley and Grunwald,
1996; Riley et al., 1997; and unpublished data). Hence, the
resence and positioning of otoliths provide a convenient
ndicator of overall patterning and physiology of the otic
esicle.
Otic Development in Mutants with Notochord
Deficiencies
Mutations in flh or ntl block early stages of notochord
ifferentiation (Halpern et al., 1993; Schulte-Merker et al.,
994; Talbot et al., 1995; Melby et al., 1997). flh is a
omolog of the Xenopus Xnot homeobox gene and is
xpressed in the embryonic organizer during early gastrula-
ion and later in the developing notochord. ntl is a homolog
f the mouse brachyury gene and is briefly expressed in all
esodermal tissues during mesoderm induction but is later
aintained only in the notochord. In ntl2 embryos, cells in
he notochord region fail to maintain notochord-specific
xpression of either flh or ntl and persist as a loose mesen-
chyme lying ventral to the spinal cord. The signaling
properties of these cells are not fully known, but it is likely
that they possess little or no notochord character by the
time they come into contact with preotic cells during late
gastrulation or early somitogenesis (Melby et al., 1997).
Recent genetic studies indicate that one of the functions of
ntl is to suppress floor plate differentiation (Halpern et al.,
1997). In addition, midline cells in ntl2 mutants fail to
xpress definitive notochord markers, but they do express
he floor plate marker tiggy winkle hedgehog (Ekker et al.,
995; Halpern et al., 1997). Thus, cells in the notochord
egion of ntl2 embryos appear to be misspecified as ectopic
oor plate cells. In flh2 embryos, too, cells in the notochord
region fail to maintain normal expression of ntl and flh, but
in this case they become respecified to form muscle during
FIG. 2. Effects of various mutations on morphology of the otic ve
(D) ntl2;oep2, (E) val2, (F) ntl2;val2, (G) oep2;val2, and (H) ntl2;oep
5 mm.the latter half of gastrulation (Melby et al., 1996; Talbot et
Copyright © 1999 by Academic Press. All rightal., 1996; Halpern et al., 1997). Unlike ntl2 embryos, flh2
embryos maintain a few cells in region of the anterior
notochord that express both ntl and flh, but the number of
such cells is greatly reduced compared to wild-type em-
bryos (Melby et al., 1997). In addition to their effects on
notochord differentiation, both mutations disrupt develop-
ment of tissues that normally require interactions with
notochord (Halpern et al., 1993; Odenthal et al., 1996;
ouquet et al., 1997). Together, these data suggest that
otochord-specific signaling is severely compromised or
bsent in flh2 and ntl2 mutants.
Despite the reduction or absence of chordamesoderm in
h2 and ntl2 embryos, otic development occurs normally;
here are no delays in the formation of otic placodes or
esicles (Table 1), and subsequent patterning of the otic
esicles appears normal (Fig. 2B, and data not shown). These
ata suggest that signals from the notochord are not essen-
ial for otic induction or subsequent development.
Otic Development in Mutants with Prechordal
Plate Deficiencies
Mutations in cyc or oep disrupt formation of prechordal
late, as judged by the reduction or elimination of expres-
ion of goosecoid after the onset of gastrulation, as well as
loss of tissues normally derived from prechordal cells
(Thisse et al., 1994; Schier et al., 1997). cyc encodes a
odal-related signaling protein and is expressed in axial
ypoblast during gastrulation (Rebagliati et al., 1998; Sam-
ath et al., 1998). oep encodes an EGF-related ligand,
ranscripts of which are initially distributed throughout the
mbryo. oep expression is strongly upregulated in the
lastoderm margin at the beginning of gastrulation and is
ater expressed at high levels in axial and paraxial hypoblast
Zhang et al., 1998).
In cyc2 mutants, formation of the otic placodes and
vesicles is delayed by up to 1 h (Table 1), although otic
. Shown are otic vesicles at 24 h in (A) wild-type, (B) ntl2, (C) oep2,
2 embryos. Where appropriate, otoliths (o) are indicated. Scale bar,sicle
2;valvesicle morphology is relatively normal (not shown). In
s of reproduction in any form reserved.
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104 Mendonsa and Rileyoep2 mutants, which have a more complete deficiency of
rechordal plate, as well as a complete lack of endoderm,
lacodes and vesicles are not detectable until 15 and 20 h,
espectively, corresponding to a delay in otic development
f about 1.5 h. In both mutants, the duration of otic placode
evelopment is relatively normal, indicating that the ob-
erved delay affects only the initiation of placode develop-
ent. In addition to the initial delay in otic development in
ep2 embryos, subsequent patterning of the vesicles is
erturbed; vesicles are small and poorly formed, and oto-
iths are either very small or absent, suggesting abnormal
evelopment of sensory epithelia (Fig. 2C). It is unclear
hether the more severe ear defects in oep2 mutants result
from the severe deficiency of prechordal plate or the lack of
endoderm or both. However, experimental embryology
studies in amphibians suggest that endoderm plays no role
in otic induction, although it may facilitate patterning of
the otic vesicle (Jacobson, 1963a,b). Thus, the extent to
which prechordal plate is deficient correlates with the
extent to which otic placode induction is delayed, whereas
later defects in vesicle patterning may reflect the lack of
endoderm in oep2 mutants. These data suggest that pre-
chordal mesendoderm plays an important role in otic in-
duction.
Otic Development in Mutants with More Extensive
Mesendodermal Deficiencies
To obtain mutants with deficiencies in both prechordal
plate and chordamesoderm, we generated flh2;oep2 double
mutants. These mutations interact additively; flh2;oep2
double mutants lack endoderm, prechordal plate, and chor-
damesoderm, but do not show unexpected deficiencies in
other mesodermal tissues (Schier et al., 1997). In these
ouble mutants, the otic placodes and vesicles are first seen
t 15 and 20 h, respectively, the same as seen for oep2
mutants (Table 1). Also, otic vesicles display the same
pattering defects in flh2;oep2 mutants as are seen in oep2
mutants (not shown). Thus, flh does not potentiate the
defects in otic development caused by oep, further suggest-
ing that the notochord does not play an essential role in
placode induction.
To obtain embryos deficient in virtually all head mesen-
doderm, we generated ntl2;oep2 double mutants. ntl and
ep interact synergistically, causing a severe disruption in
ifferentiation of virtually all mesodermal tissues (Schier et
l., 1997). To confirm that such mutants are deficient in
ephalic mesendoderm, we observed live embryos through
astrulation and neurulation and monitored formation and
ovement of the hypoblast. The morphogenetic move-
ents associated with gastrulation occur slowly in ntl2;
ep2 double mutants, and the amount of hypoblast is
reatly reduced. By the end of gastrulation, no hypoblast is
etected in the head region, confirming that ntl2;oep2
mutants are grossly deficient in cephalic mesendoderm (Fig.
3C). Indeed, although a few crude somites eventually form
in the anterior trunk region, more anterior hypoblast is not
detected during subsequent neurulation (Fig. 3D, and data c
Copyright © 1999 by Academic Press. All rightot shown). In these mutants, otic placodes and vesicles do
ot form until 16.5 and 21.5 h, respectively (Table 1). This
orresponds to a delay of about 3 h in the onset of otic
evelopment. Otic vesicles in ntl2;oep2 double mutants are
FIG. 3. Deficiency of mesendoderm in ntl2; oep2 mutant em-
ryos. Wild-type and mutant embryos were observed during gas-
rulation and neurulation to monitor movements of the hypoblast.
rrowheads mark the leading edges of the hypoblast, and arrows
ark the approximate positions of the otic anlage along the
nteroposterior axis. (A–C) Lateral views of embryos at 10.5 h,
hen otic induction normally begins. In wild-type embryos (A),
xial hypoblast extends to just past the animal pole. Ventrolateral
ypoblast has converged toward the axis, contributing to formation
f paraxial mesendoderm. Epiboly is now complete and the tail bud
s well formed. In oep2 mutants (B), axial hypoblast extends only to
the midbrain–hindbrain region, reflecting the deficiency in pre-
chordal plate. Paraxial mesendoderm is clearly evident up to this
region. Epiboly is about 95% complete. In ntl2;oep2 mutants (C),
xial hypoblast extends only to the anterior trunk region, and
araxial hypoblast is greatly reduced. At this time, there is essen-
ially no hypoblast in the vicinity of the otic anlage. Epiboly is only
0% complete. From the lateral perspective, hypoblast movements
ppear normal in ntl2 embryos (not shown). (D) Dorsal view of a
ntl2;oep2 double mutant at 13.5 h, around the time when otic
nduction begins in such embryos. The hypoblast forms a column
f tissue that extends along the dorsal midline up to the anterior
runk region and gives rise to rudimentary somites. No hypoblast is
vident anterior to the somites. Somites continue to mark the
nterior limit of the mesoderm through at least 16 h, after which
orphology becomes too disturbed to clearly resolve internal
issues (not shown). Necrosis of mesodermal tissues is variable, but
ften becomes evident during segmentation, as can be seen along
he posterior midline of this specimen. The animal pole is oriented
pward in all panels, and dorsal is to the right in A–C.omparable to those in oep2 embryos but are usually
s of reproduction in any form reserved.
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105Otic Placode Induction in Zebrafishsmaller at 24 h (Fig. 2D), presumably reflecting the greater
delay in otic development in ntl2;oep2 double mutants.
This enhanced delay probably reflects a more complete
ablation of cephalic mesendoderm, including prechordal
plate and paraxial cephalic mesendoderm (Fig. 1), suggest-
ing that these two tissues play additive or complementary
roles in otic induction (see Discussion).
Floor Plate Deficiencies Do Not Account for
Defects in Otic Development
Although the floor plate has not been implicated as an
otic-inducing tissue in classical embryology studies, we
initially considered this possibility because both cyc and
ep mutations, which delay otic development, also disrupt
oor plate formation (Table 1, Fig.2; Hatta et al., 1991;
chier et al., 1997). However, the severity of otic defects in
hese mutants does not correlate with the extent to which
oor plate is deficient. cyc2 embryos develop with a com-
lete absence of floor plate but show only modest inner ear
efects, whereas oep2 mutants retain some floor plate cells
but have much more severe inner ear defects. flh2 embryos
how partial disruption of floor plate development (Talbot
t al., 1995) but show no defects in otic development. flh
nteracts with oep to completely ablate floor plate develop-
ent (Schier et al., 1997), yet flh does not potentiate the
otic defects seen in oep2 embryos. Conversely, ntl2;oep2
double mutants retain a few floor plate cells in the anterior
trunk region, yet show the most severe otic defects of all.
These observations strongly suggest that the floor plate
FIG. 4. Effects of mesendoderm deficiencies on expression of dlx-
(I–L) 14 h. Otic regions (arrows) express high levels of dlx-3 at all o
n contrast, upregulation of dlx-3 in the otic regions is delayed in oe
elay is even greater in ntl2;oep2 embryos (D, H, L), which are dedoes not play a significant role in otic induction.
Copyright © 1999 by Academic Press. All rightExpression of Early Markers of Otic Development
To further understand the effects of specific tissue defi-
ciencies on the timing of otic induction, we analyzed the
expression of early molecular markers, dlx-3 and pax-2.1,
which are expressed in the primordia of the otic placodes
several hours before the placodes become visible. In wild-
type embryos, dlx-3 is initially expressed at 8 h throughout
the ventral and lateral portions of the gastrula but con-
denses into a “baseball seam” stripe along the edges of the
neural plate by 9 h (Ekker et al., 1992a). By 11 h, expression
is observed along the margin of the neural plate but higher
levels of expression occur in the anlage of the otic placodes
(Fig. 4A). By 12 h, convergence movements cause the neural
plate to condense laterally. Downregulation of dlx-3 is seen
long most of the neural plate margin but expression is
pregulated in the otic anlage (Fig. 4E). By 14 h, the otic
lacodes are morphologically discernible (Table 1) and con-
inue to express high levels of dlx-3 (Fig. 4I).
In ntl2 mutants, dlx-3 expression is comparable to that of
ild-type embryos at all time points examined (Figs. 4B, 4F,
nd 4J). Thus, differentiating notochord is not required for
ormal expression of dlx-3.
In oep2 embryos, upregulation of dlx-3 in the otic region
s not discernible until 12 h (Figs. 4C and 4G). In ntl2;oep2
double mutants, there is little evidence of upregulation in
the placode primordia even at 12 h. By 14 h, dlx-3 expres-
sion in the otic region of both oep2 and ntl2;oep2 embryos
s essentially normal. Thus, the extent to which cephalic
esendoderm is deficient correlates with the extent to
hich placode-specific expression of dlx-3 is delayed.
own are expression patterns of dlx-3 at (A–D) 11 h, (E–H) 12 h, and
time points shown in wild-type (A, E, I) and ntl2 (B, F, J) embryos.
bryos (C, G, K), which are deficient in prechordal mesoderm. The
t in virtually all cephalic mesendoderm.3. Sh
f the
p2 emWe also examined expression of pax-2.1, another early
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106 Mendonsa and Rileymarker of otic development (Krauss et al., 1991). In wild-
type embryos at 11 h, pax-2.1 is expressed in the primor-
dium of the midbrain–hindbrain border and in the otic
primordia (Fig. 5A). Expression of pax-2.1 is strongly up-
regulated in the otic primordia by 12 h and further intensi-
fies by 14 h (Figs. 5E and 5I). During this period, the
expression pattern of pax-2.1 in the primordium of the
midbrain–hindbrain border is refined from a broad chevron
to a more condensed transverse band due to convergence of
the neural plate. pax-2.1 is also expressed in the optic stalks
t 12 and 14 h.
In ntl2 embryos, expression of pax-2.1 is similar to that in
wild-type embryos at all time points studied (Figs. 5B, 5F,
and 5J), providing further evidence that differentiating no-
tochord is not required for otic induction.
In oep2 and ntl2;oep2 embryos, pax-2.1 expression in the
idbrain–hindbrain primordium is normal at 11 h, but
ax-2.1 transcripts are not detected in the otic primordia at
his time (Figs. 5C and 5D). Expression of pax-2.1 in the otic
egion is first seen at 12 h in these mutants, but levels are
ower than normal (Figs. 5G and 5H). By 14 h, expression of
ax-2.1 in the otic primordia of oep2 embryos is similar to
hat in wild-type embryos, but remains lower in ntl2;oep2
double mutants. These results suggest that the presence of
cephalic mesendoderm is required for normal induction of
pax-2.1 in the primordia of the otic placodes.
The observation that pax-2.1 is expressed normally in the
midbrain–hindbrain boundary in oep2 and ntl2;oep2 em-
bryos indicates that the delays seen in otic expression do
not result from global developmental delays. To further
FIG. 5. Effects of mesendoderm deficiencies on expression of pax
and (I–L) 14 h. In wild-type (A, E, I) and ntl2 (B, F, J) embryos, pa
(asterisks) and otic regions (arrows) from 11 h onward, and expressi
) and ntl2;oep2 embryos (D, H, L), pax-2.1 is expressed normally i
he otic regions is delayed, and staining is not detected in the opt
unction.examine the effects of the above mutations on developmen-
Copyright © 1999 by Academic Press. All righttal timing, we examined expression patterns of additional
markers of anterior neural plate development. eng-3 is
initially expressed as a narrow band in the primordium of
the midbrain–hindbrain border at 11 h (Ekker et al., 1992b).
Expression of eng-3 appears normal in all mutants at this
time (Figs. 6A–6D). krox-20 is expressed at 11 h in two
urved bands corresponding to the primordia of rhom-
omeres 3 and 5 in the hindbrain (Oxtoby and Jowett, 1993).
y 12 h, krox-20 expression begins to condense into straight
ands following convergence of neural plate. By 14 h,
rox-20 stripes further condense, and neural crest cells
xpressing krox-20 are observed migrating caudally from
hombomere 5. Expression of krox-20 appears normal in all
utants at these times (Figs. 6E–6L, and data not shown).
sx-B is initially expressed in a “baseball seam” stripe
long the edges of the neural plate in a pattern similar to
hat of dlx-3 (Ekker et al., 1997). By 14 h, msx-B is
downregulated along the lateral edges of the neural plate
but is upregulated in dorsal–medial cells along much of the
neuraxis. There are also several prominent bands of rela-
tively greater msx-B expression in the midbrain and hind-
brain at this time. Expression of msx-B is normal in all
mutants at 14 h (Figs. 6M–6P). These results indicate that
overall developmental timing and anterior–posterior pat-
terning occur normally in the neurectoderm of the mutants
studied. Thus, the delayed expression of dlx-3 and pax-2.1
in otic regions of oep2 and ntl2;oep2 embryos does not
result from global developmental delays in the neural plate;
induction of the otic placodes is selectively perturbed in
Shown are expression patterns of pax-2.1 at (A–D) 11 h, (E–H) 12 h,
is expressed in the primordia of the midbrain–hindbrain border
greatly upregulated in the optic stalks (os) by 14 h. In oep2 (C, G,
primordium of the midbrain–hindbrain border, but expression in
lks due to disruption of eye development in embryos lacking oep-2.1.
x-2.1
on is
n the
ic stathese mutants.
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107Otic Placode Induction in ZebrafishOtic Development in Mutants with Hindbrain
Deficiencies
The deficiency of cephalic mesendoderm in ntl2;oep2
double mutants delays but does not prevent induction of
otic placode, indicating that signals capable of inducing otic
tissue are still expressed. To test whether it is the hindbrain
that provides belated inductive signals, we examined otic
development in val2 mutants, which are blocked in early
tages of differentiation of rhombomeres 5 and 6 (Moens et
l., 1996). val is homologous to the kreisler gene in mouse
nd encodes a bZip transcription factor that is initially
xpressed only in the primordia of rhombomeres 5 and 6
Cordes and Barsh, 1994; Moens et al., 1996, 1998). Al-
hough val is not expressed in the developing inner ear, val2
mutants nevertheless display defects in otic vesicle pattern-
ing. Presumably, the localized disruption of hindbrain de-
velopment weakens signals required for normal otic devel-
opment. We reasoned that this weakened hindbrain
signaling might also perturb otic placode induction, par-
ticularly when earlier sources of otic-inducing signals are
removed. Hence, in addition to val2 mutants, we also
examined compound mutants carrying the val mutation in
ombination with mutations in ntl and/or oep.
In all genetic backgrounds examined, the val mutation
severely impairs patterning of the otic vesicle. Otic vesicles
in val2 embryos are smaller than normal, primarily due to
shortening of the anteroposterior axis (Fig. 2E). In addition,
FIG. 6. Anteroposterior patterning of the neural plate is normal
(A–D) eng-3 at 11 h, krox-20 at (E–H) 12 h and (I–L) 14 h, and (M–P)
in wild-type (A, E, I, M), ntl2 (B, F, J, N), oep2 (C, G, K, O), and ntl2
ells migrating caudally from rhombomere 5.otoliths are generally smaller than normal and vary in
Copyright © 1999 by Academic Press. All rightumber and position within the vesicle, suggesting that
evelopment of sensory patches is disturbed. Otic vesicles
n ntl2;val2 double mutants are indistinguishable from
those of val2 mutants, whereas vesicles appear progres-
ively smaller in oep2;val2 double mutants and ntl2;oep2;
al2 triple mutants (Figs. 2F–2H). Thus, the effects of the
al, ntl, and oep mutations on patterning of the otic vesicle
re essentially additive.
In contrast to its effects on vesicle patterning, the val
utation did not perturb placode development. Otic pla-
odes are first detected in val2 and ntl2;val2 mutants at
bout 13.5 h, and otic vesicles form at about 18.5 h (Table
). Hence, there is no delay in otic placode development in
hese mutants. In oep2;val2 double mutants, otic placodes
form at about 15 h and vesicles form at about 20 h. This
corresponds to a delay of about 1.5 h, the same as seen in
oep2 mutants. Similarly, otic development in ntl 2;oep 2;
al 2 triple mutants is delayed by about 3 h, the same
elay seen in ntl2;oep2 double mutants. Thus, the val
utation does not exacerbate the delays in otic placode
ormation seen in any of the mutant backgrounds tested.
To further analyze the effects of the val mutation on otic
induction, we performed double in situ hybridizations to
visualize expression patterns of dlx-3 and krox-20. Screen-
ing for reduced expression of krox-20 in rhombomere 5
served to identify young val2 mutants, which cannot be
morphologically identified until much later. The val muta-
esendoderm-deficient mutants. Shown are expression patterns of
-B at 14 h. Expression patterns of all of these genes are comparable
2 (D, H, L, P) embryos. Arrows in I–L show streams of neural crestin m
msx
;oeption does not delay dlx-3 expression, nor does it add to the
s of reproduction in any form reserved.
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108 Mendonsa and Rileydelays caused by mutations in ntl and/or oep (Fig. 7,
ompare with Fig. 4). Thus, the val mutation does not
etectably perturb induction of the otic placode, even in
sensitized” backgrounds lacking earlier (mesendodermal)
ources of inducing signals. There are several possible
xplanations for this: First, although the hindbrain defi-
iency in val2 mutants is severe enough to disrupt signals
required for patterning of the otic vesicle, it may not
completely block signals capable of inducing the otic pla-
code. This would indicate that the hindbrain signaling
events required for placode induction differ quantitatively
or qualitatively from those required for vesicle patterning.
Alternatively, it is possible that the hindbrain is not actu-
ally a source of placode-inducing signals. Rather, later otic
induction may result from a signaling cascade or relay that
emanates from elsewhere (see Discussion).
DISCUSSION
Early Signals Required for Otic Induction
Induction of the otic placode appears to involve juxtapo-
sition of several signals, or a sequence of signals, emanating
from a variety of different sources. Our studies suggest that
the first inductive signals are provided by cephalic mesen-
doderm during gastrulation. In previous studies, several
investigators proposed an inductive role for early mesoderm
based on the observation that otic induction begins during
gastrulation prior to formation of the hindbrain (Zwilling,
1941; Yntema, 1950; Gallagher et al., 1996). In addition,
FIG. 7. Disruption of hindbrain development in val2 embryos do
f both dlx-3 and krox-20 at (A–D) 11 h, (E–H) 12 h, and (I–L) 14
istinguished at the early developmental stages examined here, va
of krox-20 expression in rhombomere 5. Expression of dlx-3 is norm
in the otic regions (arrows) in oep2;val2 (C, G, K) and ntl2;oep2;val2
tl2;oep2 embryos with normal val function (see Fig. 3).heterotopic transplants of nascent mesendoderm from early
Copyright © 1999 by Academic Press. All rightastrula stage zebrafish embryos can induce ectopic otic
esicles (Woo and Fraser, 1997). However, there have been
o systematic studies to identify which mesendodermal
issues provide otic-inducing signals. Indeed, only one such
issue, chordamesoderm, has been previously tested for
tic-inducing activity (Borghese, 1942; Kohan, 1944). In
uch studies, it was shown that grafts of chordamesoderm
an sometimes induce ectopic ears, but it is likely that such
rafts sometimes included traces of paraxial or prechordal
esendoderm that may have influenced the results. We
ave avoided such problems by taking a genetic approach in
hich we analyzed ear development in various zebrafish
utants with deficiencies in specific embryonic tissues. In
o case did any single mutation, or combination of muta-
ions, completely block otic induction. However, one class
f single gene defects, those associated with deficiencies in
rechordal mesendoderm, significantly delayed otic induc-
ion. In cyc2 and oep2 mutants, which develop with little or
no prechordal plate, otic induction is delayed by 1–1.5 h.
This provides the first experimental evidence supporting a
role for prechordal mesendoderm in otic induction.
Although oep2 and cyc2 mutants display similar defects
overall, perturbation of otic development is much worse in
oep2 embryos, affecting both placode induction and later
vesicle patterning. It is possible that the oep gene, which is
expressed at low levels throughout the ectoderm during
gastrulation (Zhang et al., 1998), plays a direct role in the
differentiation of cells in the otic anlage. However, the
majority of defects in oep2 mutants occur in tissues that
normally express oep at high levels, whereas most ectoder-
t further delay expression of dlx-3. Shown are expression patterns
lthough embryos lacking val function cannot be morphologically
bryos were identified unambiguously by virtue of their low levels
val2 (A, E, I) and ntl2;val2 embryos (B, F, J). Upregulation of dlx-3
ryos (D, H, L) is delayed to roughly the same extent as in oep2 andes no
h. A
l2 em
al in
embmal tissues differentiate normally (Fig. 6, and Schier et al.,
s of reproduction in any form reserved.
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109Otic Placode Induction in Zebrafish1997). Hence, low background expression of oep is not
generally indicative of gene function. A more likely expla-
nation for the relative severity of inner ear defects is that
oep2 mutants lack another potential signaling tissue,
ndoderm, which is not missing in cyc2 mutants (Strahle et
al., 1996; Shier et al., 1997). Work in amphibians indicates
that, while endoderm is neither necessary nor sufficient for
induction of the otic placode, it may be required for normal
patterning of the otic vesicle (Jacobson, 1963a,b). Thus,
ablation of both prechordal plate and endoderm in oep2
mutants could compromise different, possibly sequential,
ignaling pathways and thereby compound defects in otic
evelopment.
How prechordal mesendoderm regulates otic induction is
ot immediately clear. It is well established that interac-
ions with prechordal plate are required for patterning of
ore anterior neural tissues, such as the optic cups and
entral forebrain (Foley et al., 1997; Pera and Kessel, 1997).
hese structures remain in contact with prechordal mesen-
oderm for prolonged periods, affording ample opportunity
or inductive interactions to occur. In contrast, prechordal
ells move beyond the otic and hindbrain regions relatively
uickly during gastrulation. Nevertheless, prechordal cells
onstitute the first mesendodermal cells to involute and
ass beneath the prospective otic placodes. Such early
nvoluting cells could deliver a brief inductive pulse that
nitiates otic development.
Prechordal plate is probably not the only mesendodermal
ource of otic-inducing signals, as shown by analysis of otic
evelopment in embryos lacking function in both the oep
nd the ntl genes. Mutations in these genes interact syner-
istically, causing a severe disruption of mesoderm differ-
ntiation; ntl2;oep2 double mutants are deficient in virtu-
ally all mesodermal tissues, developing with only a few
poorly formed somites (Schier et al., 1997, and Fig. 3). Otic
placode induction is delayed by up to 3 h in ntl2;oep2
double mutants, about twice the delay seen in oep2 mu-
tants. This suggests that signals from other mesodermal
tissues, in addition to those from prechordal plate, are
required for normal otic induction.
It is unlikely, however, that additional inductive cues
come from the notochord. Mutations in either ntl or flh,
hich specifically block notochord differentiation, do not
ause deficits in ear development. In addition, flh interacts
dditively with oep, yet flh2;oep2 double mutants show no
ore delay in otic induction than do oep2 embryos. This
indicates that ablating chordamesoderm does not potenti-
ate the defects in otic development caused by deficiencies
in prechordal mesendoderm. Thus, notochord appears to
play little or no role in otic induction in the zebrafish.
A likely candidate for a second source of otic-inducing
signals is paraxial cephalic mesendoderm, which, like pre-
chordal plate, is derived from early involuting cells. This
population of cells has not been well studied in any verte-
brate, but lineage studies indicate that these cells ulti-
mately give rise to head musculature as well as vascular,
skeletal, and connective tissues (Noden and Van de Water, a
Copyright © 1999 by Academic Press. All right1986; Trainor and Tam, 1995). Such cells contribute to a
loose network of cells surrounding the developing otic
placodes. This “periotic mesenchyme” remains in intimate
contact with otic ectoderm and could sustain inductive
interactions for prolonged periods of development. Unfor-
tunately, there are no specific molecular markers with
which to follow development of paraxial cephalic mesen-
doderm, and it is not clear to what extent differentiation of
this tissue is affected by any specific mutation. Neverthe-
less, direct observation of involuting hypoblast indicates
that paraxial cephalic mesendoderm is virtually absent in
ntl2;oep&minus ; double mutants (Fig. 3), which probably ex-
lains the increased delay in otic induction seen in these
utants.
Later Inductive Signals Required for Otic
Development
Belated placode formation in ntl2;oep2 embryos suggests
hat, without adequate signaling from mesendoderm, an-
ther source of otic-inducing signals operates after gastru-
ation, most likely emanating from ectoderm. Although
umerous embryology studies have focused on the role of
indbrain signals in otic induction, we were unable to
onfirm such a function in our studies of val. The val
utation perturbs development of the hindbrain and otic
esicles, but does not delay placode induction, nor does it
otentiate delays caused by ablation of mesendodermal
issues. These findings raise the possibility that the hind-
rain is not a direct source of otic-inducing signals during
eurulation, but that such signals originate from another
ite. One possibility is that “planar signals” originating
rom the embryonic organizer pass through the plane of the
eurectoderm and influence otic induction. Indeed, anterior
xpression of dlx-3 in Xenopus is induced by planar signals
Papalopolu and Kintner, 1993). Recent work in several labs
uggests that planar signals and more conventional “verti-
al signals” from underlying mesoderm cooperate to refine
attering of the neural plate (Altaba, 1992; Doniach et al.,
992; Poznanski and Keller, 1997). Thus, in the absence of
esendoderm, planar signals might be sufficient to induce
lacodes belatedly, but are probably not sufficient for fine
atterning of the inner ear.
Another explanation for why val does not detectably alter
lacode development is that the hindbrain defects caused
y val are not sufficient to fully block production of signals
apable of inducing otic placodes, despite the notable per-
urbation of later vesicle patterning. It is possible that
lacode induction and vesicle patterning are controlled by
ifferent signaling pathways, with only the latter being
isrupted in val2 mutants. Alternatively, placode induction
nd vesicle patterning might require a common signaling
athway that is partially blocked in val2 mutants. This
ould differentially affect later otic development if, for
xample, placode induction requires a lower signaling
hreshold than vesicle patterning or the pathway might
unction initially but not be properly maintained in the
bsence of val function. Until such signals are identified at
s of reproduction in any form reserved.
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110 Mendonsa and Rileythe genetic or molecular level, we can only speculate on
their nature. The hindbrain could secrete diffusible factors,
such as FGF-3, that influence otic development. In addition,
he hindbrain could affect otic development through con-
ributions of neural crest to the periotic mesenchyme.
eural crest cells intermix with mesendodermal cells in
he periotic mesenchyme and are required for normal pat-
erning of the otic vesicle (Van de Water, 1983; McPhee et al
986; Noden and Van de Water, 1986; Noden, 1991; Trainor
nd Tam, 1995). Although there have been no reports that
eural crest cells can induce otic placodes, these cells could
irectly transmit positional cues from the hindbrain that
nstruct otic development. In val2 embryos, rhombomere 4
remains intact and could emit sufficient diffusible factors,
or contribute sufficient neural crest, to compensate for the
deficiencies in rhombomeres 5 and 6. Analysis of other
mutations that cause more extensive deficiencies of hind-
brain (Schier et al., 1996; Jiang et al., 1996) or neural crest
Kelsh et al., 1996) could resolve many of these issues.
Analysis of Placode-Specific Genes
The molecular mechanisms controlling the response of
preotic cells to inductive signals are virtually unknown. We
have studied dlx-3 and pax-2.1 as markers of preotic devel-
opment, but the functions of these genes remain to be
established. Mutations have been identified in both genes,
but additional studies will be required to fully understand
their phenotypes. A gamma-ray-induced deletion that re-
moves dlx-3 was recently described (Fritz et al., 1996).
Provocatively, homozygotes develop with no placodes at all
(A. Fritz, personal communication). However, the deletion
is relatively large, affecting 5–8 cM of its respective chro-
mosome. Thus, the mutant phenotype cannot be ascribed
to loss of any single gene. Screening for point mutations
that fail to complement this deletion could identify a point
mutation in dlx-3, permitting a more definitive assessment
of its role in otic development.
Several point mutations in the pax-2.1 gene have been
recovered and analyzed. pax-2.1 mutants fail to form a
midbrain–hindbrain border and show defects in retinotectal
pathfinding, but no overt defects in otic placode develop-
ment have been described (Brand et al., 1996; Macdonald et
al., 1997). It is possible that disruption of pax-2.1 causes
subtle defects in otic development, the consequences of
which are difficult to detect before the mutants begin to
degenerate and die. Alternatively, the function of pax-2.1 in
otic induction might be shared by other genes. Screening for
second-site enhancers of the pax-2.1 mutation might iden-
tify genes that provide redundant functions.
Another valuable resource is the collection of mutations
affecting inner ear development that were recently identi-
fied in saturation mutagenesis screens of the zebrafish
genome (Whitfield et al., 1996; Malicki et al., 1996). Several
of these mutations are likely to affect early steps in otic
placode development. Understanding the phenotypes of
such mutations, and looking for genetic interactions be-
Copyright © 1999 by Academic Press. All righttween them, will help elucidate the molecular mechanisms
controlling the initial stages of otic development.
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